The final optical design of the Wide Angle Camera for the Rosetta mission to the P͞Wirtanen comet is described. This camera is an F͞5.6 telescope with a rather large 12°ϫ 12°field of view. To satisfy the scientific requirements for spatial resolution, contrast capability, and spectral coverage, a two-mirror, off-axis, and unobstructed optical design, believed to be novel, has been adopted. This configuration has been simulated with a ray-tracing code, showing that theoretically more than 80% of the collimated beam energy falls within a single pixel ͑20Љ ϫ 20Љ͒ over the whole camera field of view and that the possible contrast ratio is smaller than 1͞1000. Moreover, this novel optical design is rather simple from a mechanical point of view and is compact and relatively easy to align. All these characteristics make this type of camera rather flexible and also suitable for other space missions with similar performance requirements.
Introduction
Rosetta is a cornerstone mission of the European Space Agency ͑ESA͒, to be launched in January 2003, dedicated to the exploration of the P͞Wirtanen comet. The main mission objective is to study the nucleus of the comet and its environment in great detail for a period of nearly 2 yr.
The mission profile of the spacecraft is rather complex. In fact, the interplanetary flight allowing the approach to the comet will last 8 yr, during which one Mars and two Earth gravity assists will be done to reach the comet with a negligible velocity difference; in addition, two flybys with the Otawara and Siwa asteroids will be performed. The satellite will rendezvous with the comet in 2011 when it is still at a distance of Ϸ3.2 astronomical units ͑AU͒ from the Sun. At this point the relative comet-spacecraft speed value will be essentially zero, thus allowing the probe to be injected, after a sequence of highly accurate maneuvers, in an elliptical orbit with a semimajor axis between 5 and 20 comet radii around the comet itself. So, unlike the Giotto satellite, which had only a short flyby with the Halley comet in 1986, this spacecraft will follow the comet evolution along its orbit until it reaches the perihelion at Ϸ1 AU in 2013.
This mission profile will allow observation of many important comet activities such as sublimation of ice and outflow of gas and dust, from their very onset, when the comet is far from the Sun, to their maximum, when the comet is close to its perihelion. The primary scientific goal of this space mission is to confirm and advance theses on the cometary processes, on the origin of comets, and on their relationship with interstellar material, so as to gain insight into the origin of the solar system. 1 The scientific payload of the satellite orbiting around the comet consists of a complementary set of both remote imaging instruments, such as imagers in the visible and the near-UV spectral ranges, spectrometers from UV to IR, radar, and in situ instruments, such as gas and dust mass spectrometers and a dust flux analyzer. In addition, the spacecraft will also carry a Surface Science Package, to be delivered on the surface of the nucleus to perform direct measurements of the comet soil.
The imaging system of the scientific payload plays an essential role for giving answers to some fundamental questions about the nature of cometary nuclei and about the sources of dust and gas. Since Rosetta will act in close proximity to the cometary nucleus, both narrow-and wide-field-of-view ͑FoV͒ imaging systems are necessary: The first will see in great detail portions of the surface of the comet, thus allowing the investigation of the nucleus physical properties; the latter will image large parts of the comet limb and of the inner coma, giving some important information about the outflow of dust and gas directly above the nucleus surface. 2 These two cameras, namely, the Narrow Angle Camera ͑NAC͒ 3 and the Wide Angle Camera ͑WAC͒, are the main components of the Rosetta Imaging System ͑OSIRIS: Optical, Spectroscopic and Infrared Remote Imaging System 4 ͒, which will address the scientific objectives we have just described. The Center for Studies and Activities for Space ͑CISAS͒ of the University of Padova ͑Italy͒ is one of the major partners of the European consortium realizing OSIRIS, led by the Max Planck Institute fü r Aeronomie, and has the responsibility of realizing the WAC and the majority of the system mechanisms.
In this paper the final optical design of the WAC and its theoretical performance are presented. A brief description of the evolution of this design will also be given to show some of the modifications made to the first design during the period of defining the scientific and technical constraints. This study has led to the realization of an original all-reflecting, unobstructed, off-axis optical design, with large FoV and high contrast, satisfying all the scientific requirements of this space mission.
Wide Angle Camera Optical Design
The definition of the optical design of the OSIRIS͞ WAC has been driven by some fundamental scientific constraints. In fact, this camera is mainly designed for observing from a rather small distance the features of the weak gaseous environment surrounding the bright nucleus of the comet. This implies first of all that a rather large FoV is necessary in order to see both the edge of the nucleus and the features of emitted gas and dust. Then it is necessary to have a high contrast capability: In fact, within the camera FoV there will be both the extremely bright nucleus, which directly reflects the sunlight, and the very weak coma, where gas and dust scattered emissions have to be observed. Since the regions of greater interest for observation are those very close to the nucleus limb where there are the sources of gas and dust emission, it is important to be able to clearly separate the contribution coming from these two regions. This can be realized only if the optical contrast performance of the camera, including the residual diffraction contribution, is very high. It is also obvious that a good detector dynamics and antiblooming have to be coupled to this feature. Finally, owing to the requirement of observing the characteristic features of the comet both in the visible and in the near UV, only chromatic-insensitive optical configurations can be considered. All these scientific requirements strongly limit the possible optical designs, and, in particular, none of those commonly found in the literature [5] [6] [7] [8] can be considered without significant modifications. In the following, a brief description of the historical evolution of the camera optical design is given, from the initial three-mirror configuration, to the final and simpler two-mirror one.
A. Optical Design Evolution
The scientific requirements initially considered for the camera design definition are listed in Table 1 : these conditions led to an optical configuration with focal length of 80 mm, with a resolution of 150 rad͞ pixel and a 25-mm-diameter entrance pupil. 9 In fact, given the initial assumptions about the comet nucleus diameter and the spacecraft orbit peri-comet, such a short focal length is necessary for seeing most of the comet when the spacecraft is very close to the nucleus; in addition, that pupil size is necessary for detecting the asteroids and the cometary nucleus when the probe is at a distance of 10 6 km. Additional constraints on the optical parameters stem from the fact that, as just described, one of the WAC's principal objectives is to detect faint structures such as gas and dust jets close to the nucleus of the comet; moreover, since the speed of the orbiter relative to the comet can be rather high at the peri-comet, this detection often has to be performed with exposure times as short as 10 ms. As a consequence, both a fast F͞3.2 ratio is required and, to follow the weak features coming out directly above the surface, an edge transfer function dropping to 10 Ϫ4 in the immediate neighborhood of the comet terminator is necessary. 10 This implies that obstructed solutions cannot be adopted, because the diffraction from the central obscuration increases the contrast ratio to an unacceptable level. Another limitation to the possible designs is that, because it is necessary cover a spectral range from 200 to 1000 nm, all-reflecting solutions are preferable to refractive ones: In this way no chromatic aberration is present, and possible degradation of the UV-glass performance resulting from a long stay in space is avoided.
Finally, the detector resolution element also has to be considered in the characterization of the optical quality of the configuration. As an evaluative parameter for the soundness of the optical performance of the camera, the pixel ensquared energy ͑EE͒ can be considered: It has been decided that an EE of at least 80% in one pixel of the CCD detector is optimal. It is also necessary to note that the optical configuration to be designed must not only satisfy all these requirements, but at the same time it has to allow a system as compact and lightweight as possible, because of the constraints of mass and size of the onboard instruments. As an obvious solution, only optical configurations with a small number of optical elements should be considered.
The simplest solution that could be used as a starting point for the optical design definition consists of an off-axis section of a two-mirror system. For example, it is well known 11 that a convex primary mirror coupled with a secondary concave one and a stop placed midway between them produces good optical performance over a rather large FoV: In fact, the convex primary mirror minimizes the aberrations depending on the FoV, whereas the secondary mirror acts essentially on the defocus term. Unfortunately, it is relatively easy to verify that in this case, owing to the very large FoV to be covered, there are some significant residual aberrations that degrade the system performance. The solution adopted to solve this problem has been to replace the stop with a folding mirror. In fact, by means of selecting a suitable shape for this mirror, the FoV-independent aberrations can be corrected, and the optical performance can be greatly enhanced. An additional advantage of this configuration is that a more compact design can be obtained, since the original two-mirror system is folded at the stop position.
Through an optimization process of this threemirror design, the configuration shown in Fig. 1 ͑henceforth called WAC F͞3.2͒ has been obtained, which satisfies all the mentioned scientific requirements. It consists of an off-axis section of a threemirror coaxial system: The first mirror, M1, is a portion of a convex ellipsoid; the second one, M2, is a portion of a concave ellipsoid, rather close to a flat surface; the third mirror, M3, is a portion of a concave ellipsoid rather close to a spherical surface. The complete set of mirror parameters is summarized in Table 2 . It is worth pointing out that all the mirrors are conical and that the stop, which corresponds to M2, is slightly displaced from the optical axis. Figure 2 shows the spot diagrams on the focal plane obtained by the ray-tracing simulation of this configuration. The nine spots refer to the center, edges, and corners of the whole FoV, and it is clearly seen that in all the cases the energy is rather well concentrated within a single pixel ͑the square boxes in Fig.  2 have 12-m sides, which are the pixel dimensions͒.
This optical configuration was already briefly described in Ref. 10 . Here we have decided to summarize its main characteristics to show that this is the only design, to our knowledge, in which an allreflecting solution allows for coverage of such a wide FoV without introducing significant geometrical aberrations and at the same time satisfying the strong constraint about the contrast capabilities of an edge transfer function dropping at 10 Ϫ4 within two detector pixels.
Less than 1 yr after this optical design was defined, new ground telescope observations of the comet gave a better knowledge of the cometary nucleus, and some parameters of the spacecraft orbit around the comet have to be changed. As a consequence, some of the scientific requirements also have to be redefined. So, as the mission objectives became more and more clear, some important parameters of the camera, such its FoV and focal ratio, had to be modified. In conclusion, a more modest 12°ϫ 12°FoV and a focal ratio of F͞5.6 have been adopted. 12 Nevertheless, since two of the most important driving points, i.e., the wavelength coverage and the obtainable contrast, have been maintained almost the same, the choice of an all-reflective, unobstructed optical solution remained a mandatory requirement.
During this redefinition phase, several different optical configurations were analyzed. At the beginning the configurations were all simply small variations of the original F͞3.2 design, because the scientific constraints were only gradually changing. But in the end, after considering relaxing some of the Fig. 1. WAC F͞3.2 layout. In the drawing, M1, M2, and M3 identify the three mirrors of the camera, and D shows the detector position. parameters, it was quite natural to study the possibility of dropping one of the optical elements. This in fact could simplify the mechanical design and save in terms of both costs and alignment efforts. Finally, after analysis of a large number of optical configurations, and after a remarkable amount of optimization research, a simpler two-mirror solution has been adopted.
B. Wide Angle Camera Final Design
In this attempt of simplifying the WAC F͞3.2 design, removing the third mirror proved to be possible. To do this, it was necessary to change the optical parameters of the other two mirrors and to move the M3 focusing capabilities to the second mirror M2. In this way, a rather unusual two-mirror optical design was obtained. It is a configuration in which the first mirror is convex, the second one is concave, and the latter also has the function of system stop. The layout of this novel optical configuration is shown in Fig. 3 , and its main characteristics are listed in Tables 3 and 4 . It is a fast F͞5.6 design combining good spatial imaging quality over a nearly 12°ϫ 12°large FoV. As shown in Fig. 3 , the optical axis of the system is the geometrical axis of the primary mirror. It also corresponds to the z axis of our reference system; the y axis lies in the plane drawn in the figure, whereas the x axis is perpendicular to the others entering the drawing. The primary mirror is a convex oblate ellipsoid, and the secondary is a concave oblate ellipsoid with small conic constant; the geometrical axis of the latter is slightly tilted and shifted with respect to the optical axis. The configuration is 20°off axis and provides an unobstructed and unvignetted optical path, good baffling capabilities, flat field, provision for filter insertion, and general compactness.
As mentioned above, the aperture stop is located on the secondary mirror, and it is displaced by 5 mm from the optical axis. This location of the stop, joined to the diverging properties of the primary mirror, implies that for each direction of the incoming radiation only a small portion of the primary mirror surface is actually used ͑this is clear if the path of the beam rays is followed in Fig. 3͒ ; moreover, this por- Fig. 2 . WAC F͞3.2 spot diagrams. The represented spots refer to the center, the edges, and the corners of the whole 18°ϫ 18°FoV. The boxes overlapping the spots correspond to the actual pixel size of the detector ͑12-m squared in size͒. Fig. 3 . WAC layout. In the drawing, M1 and M2 identify the two mirrors of the camera, and D shows the detector position. The optical axis is drawn together with the adopted orthogonal reference system. tion is obviously different for each direction. This is essentially how this configuration permits small aberrations over such a wide FoV. In fact, since light beams coming from different directions impinge on different portions of the primary mirror, the surface of this mirror can be shaped differently on each of these portions, in an optimal way for correcting the field aberrations associated with that direction. Obviously, this optimization process of the M1 surface cannot be done perfectly, but, thanks to the relatively small input pupil required, in this case the results are highly satisfactory.
The actual design also includes a set of 14 filters, distributed on two independent wheels, with both narrow and wide bands for observations of specific lines and of continuum diffused by the comet. These optical elements are inserted after M2, so they work in converging light. Because of the F͞5.6 aperture of the system, this gives a lower limit of ϳ4 nm to the possible filter narrow bandwidth. These filters work both in the visible and in the near UV, and the materials used are obviously different: OG550, OG515, and KG3 for the visible ones and Suprasil for the others. Their index of refraction varies with the wavelength, and, since there is no mechanism that allows the adjustment of the focus position, different filter thicknesses have been adopted. For evaluating the filter thicknesses, the following equation has been used:
where t is the filter thickness and n is average refraction index of the glass in the considered bandwidth. ⌬z o is the variation of the focus position along the optical axis introduced by a reference filter, with respect to the focus position without any filter; this variation, whose value is 1.6 mm, has to be the same for all the filters in order to keep the detector in a fixed place. The various filter thicknesses obtained in this way vary between 4.57 and 4.94 mm, depending on the glass and on the bandwidth.
Optical Performance of the Wide Angle Camera Two-Mirror Design
To evaluate the image quality of the system, the twomirror camera design that we have just described was simulated with a ray-tracing code. By means of this code it was possible to optimize the optical parameters of the configuration so as to minimize the spot diagram sizes on the focal plane, to obtain a point-spread function ͑PSF͒ satisfying the contrast requirement ͑see Fig. 6͒ , and to maximize the EE in a single pixel. Obviously, this optimization process has been realized for all the different beam directions in the FoV. Figure 4 shows the spot diagrams at the center, at the edges, and at the corners of the FOV; the square boxes correspond to the pixel size ͑13.5-m side͒. It is clear from this figure that the geometrical performance of the camera is optimal, with residual aberrations essentially lower than the pixel size. We have to point out that this is the result of a pure geometrical ray tracing, which does not consider any diffraction effect. In any case, it is possible with the simulation code to have an estimate of the diffraction contribution to the spots. The global effect is summarized in Fig. 5 , where the EE scaled by diffraction at ϭ 387.5 nm is given as a function of the halfwidth from the centroid ͑the wavelength for the evaluation of the diffraction has been selected at ϭ 387.5 nm because half the WAC filters have bands below this value and the other half above͒. It is clear from this figure that the residual diffraction is negligible, leaving an EE within a single pixel of the order of 90%.
In Fig. 6 the contrast capability of the camera is shown: the two plots represent the profile of the camera PSF evaluated at ϭ 387.5 nm along two perpendicular planes ͑tangential and sagittal͒ passing through the PSF peak. It is evident that the spot intensity at a 2-pixel distance from the peak is of the order of 1͞10000 of the peak intensity, essentially satisfying the contrast requirement. A very small asymmetry in the tangential PSF, owing to the offaxis nature of this camera, is also noticeable.
Because of the off-axis design, the optical elements have different powers in the sagittal and in the tangential planes, so there are two different focal lengths The adopted reference system is the one described in the text, and shown in Fig. 3 . in these two planes. This implies that ϳ6% anamorphic distortion is present, with a sagittal plane focal length f s ϭ 140 mm and a tangential plane focal length f t ϭ 132 mm. Because of this difference, to a first approximation a circular object will be reimaged into an ellipse with its axes proportional to the tangential and the sagittal focal lengths. Figure 7 shows how this distortion works over the system's whole FoV.
In the analysis of this optical design, obviously the study of the alignment tolerances has also been performed, and we describe the obtained results. This will provide an idea about the amount of work necessary to align the system and at the same time about the sensitivity of the stiffness of the optical bench over which the optics have to be mounted. The criteria assumed in this analysis are that the image should not degrade by more than 30% as FWHM of the nominal spot size and that it should not be dis- Fig. 4 . WAC spot diagrams. The represented spots refer to the center, the edges, and the corners of the whole 12°ϫ 12°FoV. The boxes overlapping the spots correspond to the actual pixel size of the detector ͑13.5 m squared size͒. placed by more than 1͞3 of a pixel during a typical exposure time.
In this study we have considered two different types of tolerance: one relative only to the alignment phase and the other relative to the on-flight stability. In the first case, for each optical element, the maximum displacement or rotation for which the consequent image degradation can be recovered by suitable movements of the other optical elements of the system is evaluated. The results of the tolerance analysis are summarized in Table 5 . It is evident that the alignment of this camera is not a critical issue, because the system is rather tolerant to shifting and tilting of the elements. Even if the mirrors are not in their correct position, it is still possible to optimize the optical performance of the camera. Because of these relaxed alignment tolerances, we have adopted the philosophy of keeping M1 fixed and adjusting only the positions of M2 and of the detector. Here fixed means that M1 can simply be mechanically positioned at its nominal place inside the camera structure, the mechanical tolerances being smaller than the optical ones.
More critical are the tolerances for maintaining the system in-flight optical performance. In this case we have considered two different subsets of tolerances: the short-term ones, which have to be satisfied during a single exposure, and the long-term ones, which have to be maintained during the whole mission. The former are relative to simple displacement of the image with respect to the detector position, whereas the latter imply a degradation of the optical quality. Actually, since the maximum exposure times will be of the order of a few seconds, the short-term tolerances are not critical and are not here listed. More stringent, rather, are the longterm ones ͑see Table 5͒ . For example, a relative misplacement of M1 and M2 of the order of only 10 m along the optical axis gives a degradation of ϳ30% of the FWHM for the spot at the center of the FoV. This fact has implied rather stringent tolerances on the mechanical design of the camera that have to be satisfied to keep the system aligned throughout its mission lifetime.
Conclusions
In this paper the characteristics and the foreseen performance of the OSIRIS Wide Angle Camera ͑WAC͒ design have been presented. This design, believed to be novel, which is off-axis, all-reflecting, unobstructed, and has only two conical optical elements, allows coverage of a 12°ϫ 12°FoV with a spatial resolution of 20Љ͞pixel and high contrast. Nominally, at least 90% of the beam energy coming from one direction falls in a single pixel, and a contrast as high as 10
Ϫ4 is obtained at a two-pixel distance. This type of performance allows the camera to satisfy all the scientific requirements, which is essentially the capability of simultaneously detecting a large portion of the bright edge of the comet nucleus together with the weak features of the coma, where light is scattered by gas and dust.
The camera performance described in this paper is only theoretical, as obtained by means of a raytracing simulation. Currently, some activity is in progress in our laboratories to validate these results. Several efforts have been dedicated to realizing the optics: In particular, the first mirror, which is the most difficult to fabricate, has been checked with an ad hoc quasi null-lens system. The mirrors obtained in this way are within the specifications given to the manufacturer, which makes us confident that we will be able to obtain performance close to that expected of the assembled system. Describing the actual performance obtained by the system will be the subject of a future paper. Fig. 7 . Anamorphic magnification of the WAC: In this drawing, the grid corresponds to the ideal nondistorted image; the crosses, to the actual position of the grid vertex as imaged by the camera. 
